To determine which triterpenoid compounds respond to fungal elicitors, four oxidosqualene cyclase (OSC) 
Introduction
B. platyphylla is a rich source of triterpenoids because it contains lupane-type triterpenes, oleanane-type triterpenes, and other types of triterpenes (23) . triterpenoids play an important ecological role in the relationship of plants and the environment. they also have a variety of medical properties such as anti-cancer, anti-tumor, anti-inflammatory, antihiV, and anti-malarial activity (1, 4, 5) . considering the pharmacological activity of triterpenoids, extracts from B. platyphylla have been used in chinese medicine for more than 2000 years.
Plant cell culture is a useful technology for producing specific secondary metabolites, and elicitation is well known for effectively enhancing secondary metabolite production in many plant species (2, 6, 17) . in a previous study, triterpenoids were found in B. platyphylla cell cultures, but the content was significantly lower than that in the bark and leaves (8, 20) . to improve the triterpenoid production, a Phomopsis fungal strain derived from the inner bark of B. platyphylla has been shown as an effective elicitor of triterpenoid synthesis in B. platyphylla cell cultures (21) . Triterpenoids, however, are a group of natural products with diverse structures that consist of six isoprene units. to date, more than 100 different triterpene skeletons have been reported in nature. Therefore, determining which triterpenoids respond to fungal elicitors is of particular significance. triterpenoids are biosynthesized through the isoprenoid pathway through the cyclization of 2,3-oxidosqualene, which is catalyzed by oxidosqualene cyclases (oScs). this step is situated at the critical branching point for triterpenoid biosyntheses (Fig. 1) . The cDNA of OSCs, including cycloartenol synthase (CAS), β-amyrin synthase (β-AS), lupeol synthase (LUS), and multifunctional triterpene synthase, have been functionally characterized (18, 19) . Up to now, four OSC cDNA, LUS, β-AS, CAS1, and CAS2, have been cloned using homology-based polymerase chain reaction (PcR) methods from cell suspension cultures of B. platyphylla var. japonica (23) . these cloned oSc genes can help in investigating the response of triterpenoid compounds to fungal elicitor using real-time quantitative PcR. this molecular analysis, combined with the observation of defense response, allowed us to illustrate the question of how triterpenoid compounds respond to a fungal elicitor.
Materials and Methods

Cell line and culture conditions
The cell line used in the study was developed from the axillary buds of a 30-year-old B. platyphylla Suk (see 
Fungal elicitor experiment
Phomopsis (Stored in china center for type culture collection, CCTCC M209271) was maintained on potato dextrose agar (PDA) medium containing 20 g·L -1 glucose at 4 °C. Liquid cultures were initiated from 7-day-old PDA by inoculating 2 cm -2 agar cubes into 100 mL of PDA liquid medium. The flasks were incubated at 25 °C for 10 days. The mycelia and culture solution were collected, and the elicitor was prepared according to the method described by Zhang et al. (22) . the elicitors were added into the 8-day-old B. platyphylla Suk. cell cultures at a polysaccharide concentration of 40 μg·L -1 . the polysaccharide concentration of the elicitors was determined by the phenol-sulfuric acid method using glucose as the standard (7).
Betulin estimation
Betulin was extracted from the cells using a procedure similar to that reported by Zhao et al. (24) using ethanol as the solvent. The solvent was then removed by evaporation under a vacuum and the solid residual was re-dissolved in ethanol. The betulin content in the ethanol sample solution was analyzed by reversed-phase high-performance liquid chromatography (HPLC) with UV detection at a wavelength of 210 nm. The HPLC column was a 250 mm × 4.6 mm Waters C18 with 5 μm packing. All sample solutions for HPLC analysis were filtered through a 0.45 μm membrane before injection. The mobile phase consisted of acetonitrile:water at an 80:20 (v/v) ratio. The flow rate was 1 mL·min -1 . The betulin standard was obtained from Sigma-Aldrich chemical corporation (USA).
RNA isolation and real-time quantitative RT-PCR
Dry weight cells (0.2 g) were collected by filtration from the culture medium and frozen in liquid nitrogen. Total RNA was isolated with the CTAB-based method (14) and treated with DNase to remove genomic DNA using RNase-free DNase I (taKaRa) according to the manufacturer's protocols. the quality of the RNA was further verified in an RNA gel using standard procedures. RNA (2.5 μg to 5 μg) was loaded onto the gels, showing a sharp distinction at the small side of both the 18S and 28S rRNA bands.
One microgram of total RNA was reverse transcribed into first-strand cDNA using the reverse transcription enzyme M-MLV (Promega) with oligo-(dT) primer, according to the manufacturer's protocols. Quantitative PCR was performed using an iCycler machine (taqman chemistry). taqman probes and primers were designed using Primer Express software (Applied Biosystems) based on sequences of cloning CAS1, CAS2, LUS, and β-AS. the b-tubulin (tu) and Ubiquitin (Ubq) genes (the evaluation of validation and application of reference gene was seen [20] ) were used as a reference. The Taqman probes and primers are presented in Table 1 .
PCR amplifications were performed in a total volume of 20 μL, containing 10 μL of SYBR Premix Ex Taq II (2×), 0.4 μM of each forward and reverse primer, 0.4 μL of Rox Dye II, 6 μL of DNase-free H 2 O, and 2 μL of cDNA. All samples were tested in duplicate for the housekeeping gene as well as for the target genes. The efficiencies of the target genes related to the reference gene were examined and verified. Gene expression data were calculated relative to the reference gene following the 2 -ΔΔCt method (16) . the level of expression of the housekeeping gene did not change under the experimental conditions used.
Statistical analysis
All experiments were repeated three times. The data (mean ± standard error) obtained were statistically analyzed using SPSS version 15.0. The data were subjected to ANOVA, and the means were then compared using a one-way ANOVA. Differences with P < 0.05 were considered significant.
Results and Discussion
Real-time quantitative PCR analysis of the transcript expression of CAS1, CAS2, β-AS and LUS genes induced by fungal elicitor to understand the response of triterpenoid compounds to fungal elicitors, the expression profile of four OSCs (CAS, CAS2, LUS, and β-AS) in suspension cultures of B. platyphylla treated with a fungal elicitor was investigated using real-time quantitative PcR analysis (Fig. 2, and Fig. 2S, Fig. 3S and Fig. 4S in the Online Supplementary Appendix, www.diagnosisp.com). the fungal elicitor increased the gene expression of the four oScs, and the total gene expression levels of the four oScs reached their maxima 18 h after the fungal elicitation. These results show a positive correlation between the triterpenoid content and mRnA level of the four oScs in the suspension cultures of B. platyphylla treated with the fungal elicitor. The same phenomenon was observed in mangrove: salt stress increased the gene expression of three oSc genes (CAS, LUS, and β-AS) and the terpenoid content (3). hu and Zhong (13) also found that 2-hydroxyethyl jasmonate elicitor induces higher transcription levels of the SQS, SE, and CAS genes, which coincide with higher ginsenoside content in the cells. However, the CAS, CAS2, LUS, and β-AS expression levels in response to fungal elicitation were different (Fig. 3, and Table 1S in the Online Supplementary Appendix, www. diagnosisp.com). the proportion of CAS expression was about 50 % among the four OSCs after 2 h to 8 h of fungal elicitation, but LUS was about 70 % among the four OSCs after 8 h of fungal elicitation, and the LUS mRnA expression level increased steadily for 24 h, reaching 18.08-fold that of the control. the different oScs have characteristic products; lupeol synthase is responsible for the biosynthesis of lupanetype triterpenes such as betulin and betulinic acid, which are widely distributed in higher plants. In the present study, highlevel betulin accumulation was observed after 24 h of fungal elicitation (Fig. 3, and Fig. 5S in the Online Supplementary Appendix, www.diagnosisp.com). This result suggests that the lupeol synthase pathway is the major source of triterpenoid production by B. platyphylla cell suspension cultures in response to fungal elicitors. It also shows the complex and divergent adaptation characteristics of oScs in response to fungal elicitation. Similar results have also been found in other research about oScs in response to external stress (9, 10, 11, 12, 15) . For example, hayashi et al. (11, 12) investigated the differential regulation of three oSc mRnAs by MeJA and Gibberellin A3 (GA3) in cultured Glycyrrhiza glabra cells and pointed out that MeJA upregulated β-AS mRnA and soyasaponin biosynthesis but downregulated LUS mRnA expression, and GA3 downregulated β-AS mRnA but not LUS mRnA in the cultured cells. However, the mechanism of different OSC characteristics in response to external stress is still unclear.
Effect of fungal elicitor on defense enzyme activity Plant-derived triterpenoids are generally considered part of the defense systems because of their anti-microbial, fungicidal, allelopathic, insecticidal, and molluscicidal activity. to explore the complex and divergent adaptation mechanism of the four OSCs in response to fungal elicitation, two defense enzymes, phenylalanine ammonia-lyase (PAl) and peroxidase (POD), were investigated. The enzyme activity of POD and PAl in the treated cell cultures increased, reaching their maxima after 6 h of fungal elicitation and then slowly declined thereafter (Fig. 4) . This result was in accordance with CAS gene expression and in contrast with that of LUS. therefore, oScs may have different roles and synergistic interactions in response to fungal elicitation. CAS was responsible for a transient defensive response, whereas LUS was responsible for a relatively long-term protection. However, this hypothesis needs to be further explored.
Conclusions
In summary, the lupeol synthase pathway is the major source of triterpenoid production by B. platyphylla cell suspension cultures in response to a fungal elicitor and the product of the oScs may have different roles and synergistic interaction in plant defense systems. This finding is beneficial to further understanding the elicited triterpenoid biosynthesis in the plant cell culture, and it may be helpful in the rational manipulation of plant secondary metabolism through molecular tool-assisted engineering approaches and genetic engineering.
